Potentiometric ion sensors based on polymeric membranes are well established and used in many laboratories; and sensors for about 60 analytes are currently known. 1 The increased industrial use of lead, and its serious effect on human health 2 have caused the electrochemical properties and preparation of the lead ion selective membrane electrodes to be extensively studied.
Introduction
Potentiometric ion sensors based on polymeric membranes are well established and used in many laboratories; and sensors for about 60 analytes are currently known. 1 The increased industrial use of lead, and its serious effect on human health 2 have caused the electrochemical properties and preparation of the lead ion selective membrane electrodes to be extensively studied.
During 1986 -1992, compounds such as dibenzo-18-crown-6 and diazadibenzo-18-crown-6 3 dibenzo-18-crown-6 and 3,17-diazadibenzo-18-crown-6 4 and monobenzo-15-crown-5 (MB15C5), MB15C5-tungstophosphoric acid and MB15C5-molybdophosphoric acid 5 were used as ionophores in lead ISEs. Later, lead in environmental samples was determined by an ISE by Li and Liu 6 . The pH of the medium was 4 and the Nernstian range was 1 × 10 -6 -1 × 10 -2 M with slope of 26.4 mV per decade.
In 1999 Abbaspour and Tavakol 7 prepared a PVC leadselective electrode by using benzyl disulfide as an ionophore and dimethylsebacate (DMS) as a plasticizer. The linear range was 2 × 10 -5 -5 × 10 -2 M for Pb 2+ with a Nernstian slope of 29.2 ± 1.3 mV per decade.
Also in 1999, lead selective membrane electrodes based on selected thiacrown ethers were prepared by Radacka et al. 8 In 2000, a PVC membrane electrode for Pb 2+ based on tetraphenylporphyrin was prepared by Shamsipur et al. 9 The linear range was 1.0 × 10 -5 -1.0 × 10 -2 M and the Nernstian slope was 30.0 mV/decade. In 2001, caprice acid was used for a PVC based lead selective electrode by Mousavi et al. 10 The electrode had a Nernstian slope of 29.0 ± 0.5 mV/decade for lead ions over a linear range of 1.0 × 10 -5 -1.0 × 10 -2 . The present lead-selective electrode is a PVC-based membrane using phenyl disulfide as ionophore and onitrophenyl octyl ether (NPOE) as a plasticizer. The proposed electrode shows a wide linear range and is applicable over a wide pH range. In this electrode, no additive such as sodium tetraphenylborate or potassium tetrakis (p-chlorophenyl) borate (KTpClPB) is required to improve the response. Metal ions such as Cd 2+ , Co 2+ , Cu 2+ , Ni 2+ , Zn 2+ , Mg 2+ , Sr 2+ and Mn 2+ show negligible interference at low concentration using this electrode. The method of matched potential was also employed for monovalent cations to validate the mixed solution method for determination of selectivity coefficients.
Experimental

Reagents
Reagent grade o-nitrophenyloctylether (NPOE) was obtained from Fluka; tetrahydrofuran (THF), dimethylsebacate (DMS), polyvinylcholoride (PVC), dibutylphetalate (DBP), benzyl acetate (BA) acetophenone (AP), and potassium tetrakis (pchlorophenyl) borate (KTpClPB) were all obtained from Merck Chemical Company. Phenyl disulfide was synthesized and used after purification according to the suggestion of described Firouzabadi et al. elsewhere. 11 Nitrate salts of all cations used (all from Merck) were of the highest purity available and were used without any further purification. All solutions were prepared from analytical reagents grade using triply distilled water and their measurements were performed in unbuffered solutions.
Membrane preparation
The PVC membrane electrode was fabricated as in our previous works. 7, 12, 13 The membrane composition was 32.6 mg of PVC powder and 2.6 mg of phenyl disulfide as ionophore, with 64.8 mg of NPOE as solvent mediator. [14] [15] [16] Electrode system and EMF measurements All electromotive force (emf) measurements were carried out with the following assembly: Ag-AgCl/1.0 × 10 -2 M Pb(NO3)2, 1.0 × 10 -2 M KCl/PVC membrane/test solution/Hg-Hg2Cl2, KCl(satd). A Corning ion analyzer 125 pH/mV meter was used for the potential measurements. The emf observations were made relative to a double junction saturated calomel electrode (Philips).
The performance of the electrode was investigated by measuring the emf values for the metal ion solution over a concentration range of 3.98 × 10 -7 -0.1 M by adding successive aliquots of known concentrations of the metal ion to 25 cm 3 of water. 17 The activities of the metal ions were based on the activity coefficient (γ) data calculated from the modified form of the Debye-Hückel equation 18, 19 and the ionic strength were kept constant by using 0.1 M NaCl.
Results and Discussion
Optimization
Before To obtain a better characteristic response, solvent mediators such as NPOE, DMS, DBP, AP and BA were tested. The lead ion selective electrode based on NPOE exhibits a nice Nernstian slope (29.3 mV/decade) over a wide concentration range (2.0 × 10 -6 -1.0 × 10 -2 M), while in this concentration range DMS, DBP, AP and BA slopes were 24.06, 23.64, 23.77 and 27.67 mV/decade, respectively. In addition, the electrode based on NPOE had a better potential response than the other mediators (Fig. 2) .
The performance of the membrane electrode in relation to the variation in concentration of internal solution of Pb(NO3)2 was explored (from 1.0 × 10 -3 M to 5.0 × 10 -2 M) and the potential response of the Pb 2+ ion-selective electrode was obtained. It was found that variation of the concentration of the internal solution does not cause any significant difference in the potential response, except for an expected change in the intercept of the resulting Nernstian plots. A 1.0 × 10 -2 M concentration of reference solution is quite appropriate for a smooth functioning of the electrode system. The optimum equilibration time for the membrane sensor in the presence of 1.0 × 10 -2 M Pb(NO3)2 was 24 h, after which it would generate a stable potential in contact with lead solutions.
Optimization of the membrane composition
In order to reach to a higher sensitivity, good selectivity and a wider dynamic linear range for the potential response of the lead selective electrode, we investigated the effects of different proportions of the membrane components, such as weight ratios of 1.0, 1.5, 2.0 and 2.5 of NPOE/PVC and different wt% of ionophore. The effect of weight ratio of NPOE/PVC is illustrated in Fig. 3 . As the results show, the electrode with 64.8 wt% NPOE and 32.6 wt% PVC (NPOE/PVC ratio of 2:1) has a better potential response than the other ratios.
To optimize the amount of ionophore in the membrane, eight different compositions were chosen; these are given in Table 1 . The weight ratio of the NPOE/PVC was equal to 2:1 at these eight electrodes. As the results show the electrode with 2.6 wt% of phenyl disulfide has a good Nernstian slope (29.41 mV/decade) wider linear range and good correlation coefficient (Table 1) .
Neutral-carrier-based ISE membranes may work properly when they contain a very small amount of ionic sites. The original motive for adding a tetraphenylborate salt to the membrane of a cation-selective electrode was to reduce the anionic interference. However, we examined the responses of electrode by adding various amounts of KTpClPB, but we did not observe any significant improvement in the response of the electrodes (see Table 1 ). For this reason in the rest of these experiments we use the electrode without using any ionic sites.
The effect of pH
The influence of pH of the test solution on the potential response of the lead sensor was studied at two different concentrations of Pb 2+ (1.0 × 10 -3 M and 1.0 × 10 -5 M Pb 2+ ) over the pH range of 1.5 -9.0. The pH was adjusted by introducing small drops of HNO3 (0.1 M) or NaOH (0.1 M) and the results are shown in Fig. 4 . The potential is independent of pH in the pH range of 3. 6.3), the lead hydroxide may precipitate.
Detection limit, response time, reproducibility and stability
The limit of detection (1.2 × 10 -6 M) was evaluated according to IUPAC recommendations 20 from the intersection of the two extrapolated segments of the calibration graph. The static response time was 45 s for a concentration of 1.0 × 10 -3 M. It should be noted that the equilibrium potentials essentially remained constant for more than 5 min, after which only a very slow divergence was recorded. The standard deviation of 10 replicate emf measurements was ±0.7 mV/decade. This membrane electrode could be used for at least 50 days without any measurable divergence. It is stored in 0.01 M Pb 2+ solution when not in use. Table 1 ). Fig. 4 The effect of pH on the response of lead membrane electrode (electrode No. 4 in Table 1 ): , 1.00 × 10 -5 M; , 1.00 × 10 -3 M.
Selectivity coefficients and analytical properties of lead selective electrode
The selectivity coefficients for the selective membrane electrode were measured by the fixed primary ion method (FPM) 21 Here, aA is the activity of the primary ion and aB is the activity of the interfering ion. The resulting data are given in Table 2 .
In cases where the ions of different charges are present, the validity of the fixed primary ion method (FPM) based on the semi-empirical Nikolskii-Eisenman equation is in question. Therefore the match potential method was applied to monovalent ions. In this method, the potentiometric selectivity coefficient is defined as the activity ratio of primary and interfering ions that give the same potential change under identical conditions. At first, a known activity (aA') of the primary ion solution is added into a reference solution that contains a fixed activity (aA) of primary ions, and the corresponding potential change (∆E) is recorded. Next, a solution of an interfering ion is added to the reference solution until the same potential change (∆E) is recorded. The change in potential produced at the constant background of the primary ion must be the same in both cases. The match selectivity coefficients (KMPM) were obtained from this equation: KMPM = (aA' -aA)/aB they are given in Table 2 . As this table shows for all monovalent ions there is no significant change in the selectivity coefficients of these ions in either method. , Zn 2+ metal ions. The dynamic linear range, the limit of the detection and the working pH range of the present electrode are better than the others. In addition, no additive which usually make the matrix of the membrane expensive and complex, are used in the proposed electrode, as had been suggested for some reported lead selective electrodes to improve the potential response of the electrode.
Potentiometric titration
The potentiometric titration of Pb 2+ (25 ml, 5.0 × 10 -3 M) with 1.0 × 10 -2 M EDTA (Fig. 5) was followed, using the membrane assembly as the indicator electrode. As is illustrated in Fig. 5 , the change in potential and the corresponding ∆E/∆V with volume of titrant show well-defined end points. The values obtained from the titration were found to agree within a relative standard deviation of 0.02.
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